Introduction One of the greatest problems with continuous renal replacement therapy (CRRT) is early coagulation of the filters. Few studies have monitored circuit function prospectively. The purpose of this study was to determine the variables associated with circuit life in critically ill children with CRRT.
Introduction
Continuous renal replacement therapy (CRRT) is currently the treatment of choice in critically ill adults and children with acute renal failure, fluid overload, or multiorgan dysfunction as it allows a steady removal of fluid, creatinine, urea, and other substances and produces with less hemodynamic instability than occurs with hemodialysis [1] [2] [3] [4] [5] . One of the greatest problems with CRRT is early coagulation of the filters, leading to blood loss, decreased efficacy of the technique, increased costs, and a greater risk of hemodynamic instability in the connection [6, 7] . Contact between the blood and an artificial surface is the factor underlying the initiation of coagulation, although other factors such as the number of blood flow reductions [8] , hemoconcentration, a high platelet count, turbulent blood flow, and blood-air contact in the air-detection chambers are also involved [9, 10] . Few studies have monitored circuit function prospectively in patients on CRRT [9, 10] . We conducted a prospective observational study to determine those variables associated with circuit life in critically ill children treated by CRRT. ACT = activated clotting time; CRRT = continuous renal replacement therapy.
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Materials and methods
A prospective observational study was performed in a pediatric intensive care unit from 1996 through 2006. The study was approved by the local institutional review board. Due to the characteristics of the study, informed consent of patients was not considered to be necessary. Patients requiring CRRT were included prospectively. Data from those filters that had to be changed because of circuit coagulation were analyzed. The machines used for continuous venovenous renal replacement therapy were the BSM32 (Hospal, Lyon, France) during the first 5 years of the study and then the PRISMA (Hospal). Venous access was secured by inserting a double-lumen catheter into one of the central veins. The size of the catheters depended on the size of the patient. Either polyacrylonitrile AN69 (Hospal) or polysulfone (L.IN.C Medical Systems Ltd, Leicester, UK) hollow-fiber hemofilters were used, depending on the body surface area of the patient and on the pump employed. Commercially prepared, bicarbonate-buffered hemofiltration replacement fluid (Clearflex ® ; Bieffe Medital, Senegue, Spain) was infused prefilter to compensate for fluid losses, which were assessed clinically. Decisions on the use of hemodiafiltration were the responsibility of the treating physician and were based on the patient's need for solute clearance. Age, gender, weight, and diagnoses were recorded on admission to the pediatric intensive care unit and pediatric risk of mortality (PRISM), pediatric index of mortality (PIM), and pediatric logistic organ dysfunction (PELOD) scores, lactic acid, and need for inotropic drug support were recorded at the beginning of the CRRT. The variables analyzed in order to determine their influence on circuit life were catheter and venous access used, blood flow rates, heparin dose, filter surface area, filtration fraction, ultrafiltration rate, and total effluent flow rate (ultrafiltration plus dialysis). The reasons why the filters stopped functioning were collected prospectively; filters removed electively were excluded from the analysis. Anticoagulation was performed according to our protocol. Circuits were primed with 1 L of 0.9% NaCl to which 5,000 IU of heparin was added. Because of active bleeding or severe coagulopathy, anticoagulation was not performed in 15 filters. The rest of the patients were anticoagulated. At the time CRRT was initiated, a heparin bolus of 20 to 50 IU/kg was administered, depending on the baseline activated clotting time (ACT). Patients with a normal baseline ACT received a bolus of 50 IU/kg and this was reduced to 20 IU/kg for a baseline ACT of greater than 200 seconds. This was followed by a continuous heparin infusion via the pre-blood pump port, aiming to maintain an ACT of between 150 and 200 seconds. No other anticoagulation drug was administered.
Statistical analysis
The statistical analysis was performed using the SPSS (version 15) 
Results
During the study period, 122 patients were treated with CRRT. The clinical and demographic data of these patients are shown in Table 1 . Data were collected on 540 filters, and the analysis was performed using the 365 (67.6%) filters that were changed because of signs of circuit coagulation (the filters were clotted, or there was an important increase in the filter pressure in the CRRT monitor, which suggest coagulation of the filter). The median circuit life was 31 hours (range 1 to 293 hours). The analysis of the influence of each factor studied is presented in Table 2 . Filter life was slightly longer in children older than 12 months and with a weight of greater than 10 kg, although this difference did not reach statistical significance. Hemofilter life did not correlate significantly with patient diagnoses, initial creatinine and urea, site of venous access, type of pump, blood flow rates, severity of illness score, need for inotropic drug support, or final outcome, nor were significant differences observed on comparing the surface area of the filters or the size of catheter used. However, significant differences in filter life were found on comparing the use of catheters larger or smaller than 6.5 French and the use of filters with surface areas larger or smaller than 0.4 m 2 ( Table  2) . Mean circuit life proved to be significantly longer with hemodiafiltration than with hemofiltration. Filter life was also longer with a total effluent flow rate of greater than 35 mL/kg per hour, ultrafiltration flow rates of less than 25 mL/kg per hour, and filtration fractions of less than 10%, although these differences did not reach statistical significance. The administration of heparin doses of less than 10 U/kg per hour did not lead to any difference in circuit life span but there was a significant increase in life span with doses of greater than 15 U/kg per hour. There were no bleeding events related to heparin dose. In the multivariate logistic regression analysis, hemodiafiltration, heparin dose of greater than 20 U/kg per hour, filter surface area of 0.4 m 2 or greater, and an initial creatinine of less than 2 mg/dL were associated with a filter life of more than 24 and 48 hours. Total effluent rate of greater than 35 mL/kg per hour was associated only with a filter life of more than 24 hours (Tables 3 and 4) .
Discussion
The success of CRRT depends in part on maintenance of the extracorporeal circuit [6, 11] . CRRT circuit life span is low in adults and children; in our study, we found values similar to those reported previously in children and adults [12] [13] [14] [15] . However, there are few studies that have prospectively monitored circuit function in adult patients on CRRT [9, 10] and only one studied the influence of vascular access location and size on filter life in children [16] . When life span is evaluated, the main problem appears to be filter coagulation [6, 10, 11, [17] [18] [19] . During CRRT, blood passes through an extracorporeal circuit and coagulation is activated. Anticoagulation is therefore necessary. There are a number of agents that can be used to achieve circuit anticoagulation [6, 15, [17] [18] [19] [20] [21] and, of these, heparin CRRT, continuous renal replacement therapy; PELOD, pediatric logistic organ dysfunction; PRISM, pediatric risk of mortality. continues to be the most widely employed [1, 18] . The aim of anticoagulation in our study was to maintain an ACT of between 150 and 200 seconds. We found that the use of higher doses increased circuit life span and we did not observe an increase of bleeding. Other studies have also found that the heparin dose is a significant independent predictor of filter life [10, 19] . Although we did not observe any major complications due to heparin use, patients with a risk of bleeding can be managed without anticoagulation [1, 22, 23] . Some but not all studies have found that the use of sodium citrate increases filter life compared with heparin [6, 13, 15, 17, 19, 24, 25] . In a recent evidence-based review, Oudemans-van Straaten and colleagues [19] recommended that, if bleeding risk is not increased, unfractionated heparin (with an activated partial thromboplastin time of 1 to 1.4 times normal) or low-molecular-weight heparin (anti-Xa 0.25 to 0.35 IU/L) should be used (evidence grade E). CRRT without anticoagulation can be considered when coagulopathy is present (grade D). To our knowledge, no randomized studies in critically ill patients on CRRT have evaluated the effect of catheter site or size. Hackbarth and colleagues [16] , in a pediatric registry, found that larger catheter diameter and jugular access are associated with longer circuit life. A short large-caliber catheter is preferable. Smaller-caliber catheters do not permit high flows and are more likely to kink, leading to a greater risk of system malfunction and coagulation. However, a more central position of the tip of the catheter improves flow [6] . In our study, increased filter life was found with larger-caliber catheters, although this factor did not reach statistical significance in the multivariate analysis, nor were differences in filter life found on comparing the different sites of catheter placement, although the simultaneous influence of a number of factors makes it difficult to analyze these results adequately.
Filter life was slightly longer in children over 1 year of age and in those with a body weight of greater than 10 kg, probably due to the larger caliber of the catheters used and the greater surface area of filters; however, the differences were not significant. We found a significant correlation between circuit life span and filter surface area. Although the filter must be chosen according to the patient's age and weight, a larger surface area is associated with a longer life span. This might be explained by the fact that membrane saturation could be delayed by the presence of a larger filter surface area. These filters permit higher blood flows, thus increasing capillary shear forces and reducing protein layering, with the consequent decrease in membrane clotting and the prolongation of filter life [6] . In a prospective study, filters with longer hollow fibers had a longer life and a lower transmembrane pressure than filters with a larger cross-section. This may have been due to a lower blood flow leading to an increase in blood viscosity in a filter with a larger cross-section [26] . Although the type of membrane can also affect filter coagulation, no studies, to our knowledge, have analyzed the effect of this variable during CRRT in critically ill patients. In our study, there were no differences between polysulfone and acrylonitrile membranes, but the surface areas of the filters were different. We found no difference in filter life over the study period or on comparing the two types of machine used. Although more modern machines permit greater control of the process, more accurate adjustment, and have more sensitive alarms, in our experience this has not led to longer filter life. This lack of a difference between the machines could be due in part to the fact that a higher percentage of filters with a smaller surface area were used with the more modern machines. In adults, circuit life has been found to be longer with continuous venovenous hemodialysis than with continuous venovenous hemofiltration [27] . In one study in children, hemodiafiltration showed longer circuit life than hemofiltration [16] . In comparison with hemofiltration, hemodiafiltration permits lower blood flow rates to be used and causes less hemoconcentration to achieve the same solute clearance; this could explain the longer circuit life [6] . In our patients, a total effluent flow rate of greater than 35 mL/kg per hour was associated with a longer filter life, probably due to the use of dialysis. This suggests that continuous venovenous hemodiafiltration can achieve sufficient fluid and substance interchange efficacy with a lower risk of coagulation. However, a prospective survey in children did not find a correlation between circuit survival and CRRT mode [13] . Using lower ultrafiltration rates and lower filtration fractions could prolong circuit life, minimizing the procoagulant effects of hemoconcentration [6] . Although filtration fractions of up to 25% have been used by some groups, we currently use low filtration fractions, though still achieving adequate clearances and azotemic controls. In our study, there were no statistically significant differences in relation to filtration fraction. Another option for reducing the filtration fraction is to administer the replacement fluid before the filter to reduce the hemoconcentration. In two studies, predilution replacement was associated with longer circuit survival [10, 28] . In our study, we consistently used predilution replacement and therefore are unable to analyze the effect of this factor. Apart from the dose of heparin, the multivariate study also revealed that a low creatinine at the time of starting CRRT was associated with a longer filter life. This could be due to the fact that patients with a higher creatinine required higher rates of ultrafiltration, which could have led to increased filter coagulation. However, as the comparison was performed using the creatinine at the time of starting CRRT and not with the creatinine level at the time of each change of filter, these results must be viewed with caution.
Our study has certain limitations. It is an 11-year, descriptive, epidemiological study that does not test any intervention and it is possible that some differences could be due to the changes in treatment over time. However, it is prospective in design and aims to increase our understanding of the nature and magnitude of a phenomenon that has been poorly explained up to now. Second, when comparing heparin doses, we did not study the patients' anticoagulation parameters. Although it seems reasonable to consider that correct anticoagulation rather than the dose of heparin could prolong the circuit life span, this conclusion cannot be drawn from our data. In addition, it has not been possible to control the effect of problems with the vascular access on filter life in this study; this is one of the main causes of CRRT system malfunction [8] , particularly in infants. Another factor that could not be studied is staff training. This is a determinant factor in the early recognition of and response to pump alarms, having a significant effect on filter life [6] .
• Filter life can be increased by the use of hemodiafiltration, high heparin doses, and filters with a large surface area.
